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APPLICATION OF MONITORING TO SUBSTANTIATE THE
BIOOLOGICAL METHOD OF SOIL RESTORATION
DUE TO MILITARY OPERATIONS

As a result of military operations involving the use of various types of weapons in Ukraine, there is a
significant negative impact on the environment: from the impact on the behavior and migration of fauna, which
entails significant changes in natural ecosystems, to the multifaceted abiotic impact on the air, water and soil
environments through various types of pollution (mechanical, chemical, noise, thermal, vibration, etc.).

The article highlights the problem of soil contamination in Ukraine as a result of military operations and
identifies key factors of anthropogenic impact on the environment.

It also considers the main compounds and substances that enter the soil environment during combat
operations and their potential negative impact on human health through the food chain. The aim of the article is
to monitor bio- and phytoremediation methods, which are potential ways of restoring soils to a safe condition for
further use in agriculture. The article provides a selection of plant species relevant to Ukraine for the purpose of
removing specific pollutants that have entered the soil during military operations.
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Introduction. In the modern world, as a result of excessive anthropogenic impact on the natural
environment, its safety can already be questioned. Pollutants of various nature and chemical composition enter the
environment as a result of human activity in completely different ways, where they can subsequently migrate and
transform into other compounds, sometimes causing even greater damage than the original substance. The main
and most powerful sources of pollution are emissions into the atmosphere from various industries, industrial and
domestic wastewater discharges into water bodies, and agriculture, which pollutes the environment, especially the
soil, in various ways: from the burial of dead livestock to the uncontrolled excessive use of fertilizers, pesticides
and fungicides, which in high concentrations have a toxic, sometimes lethal, effect on flora and fauna that were
not initially targeted for elimination..

The above activities are aimed at meeting human needs and are important economic and social components.
Stopping anthropogenic impact on the environment means a complete cessation of human activity, which is a priori
impossible. The negative impact caused by humanity can be minimized as much as possible by approaching the
problem comprehensively, using the latest technologies and changing people's worldview and values, which should
be nature centric.

However, in today's world, there are many gaps in the functioning of states as systems, not all states have
equal rights in the global geopolitical arena, as a result of which the population suffers from poverty, hunger and
wars.

Wars and armed conflicts have a large number of devastating consequences for the natural environment.
These include the destruction of biodiversity, mass migration of species, mechanical changes to landscapes and
soil degradation, additional vibration loads that can affect geological activity depending on the area, and direct
environmental pollution. Among the types of pollution, we can highlight emissions from the combustion of fuel
(both diesel and rocket fuel) and emissions resulting from the explosion of shells (including carbon dioxide and
carbon monoxide, sulfur dioxide, and nitrogen oxides) [1], mechanical pollution of water bodies and soil with the
remains of military vehicles, equipment, shells, debris from destroyed infrastructure, and chemical pollution with
the contents of shells, petroleum products and spills of potentially hazardous substances as a result of damage to,
for example, enterprises where such substances may be used or stored.

Considering that 70% of the territory of Ukraine consists of agricultural land [2], the issue of monitoring
the quality of soil and products grown on damaged areas becomes extremely important. There are no legal
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requirements for mandatory monitoring of the quality of soil damaged by military action, but landowners should
be responsible for the potential risks of contamination of agricultural products [3].

The greatest impact on agricultural land is in the frontline areas, as the density of explosive craters only
increases over time due to regular shelling with various types of weapons of different calibers and chemical
compositions [1]. Figures 1-6 show images of agricultural land attacked by various types of weapons. Soils
throughout Ukraine are also suffering from long-range missile and drone strikes.

Purpose and task. The purpose of this article is to identify the most optimal methods for restoring soils
damaged by military operations, in particular contamination by pollutants of various nature, in Ukraine, based on
an analysis of scientific articles, reports by international organizations and international experience, using a
comparative analysis of literature data.

Presentation of the main material research.

The main sources of heavy metals entering the soil during combat operations are damage to military
equipment, the use of ammunition, fragments of shells, mines, aerial bombs, as well as combat waste generated
by the destruction of infrastructure [4]. Some of the most dangerous metals are lead, copper, zinc, cadmium, nickel,
chromium, and manganese [5]. The presence of heavy metals impairs the physical and chemical properties of the
soil, reduces its fertility and inhibits the activity of soil microorganisms, which are key to maintaining the health
of the ecosystem [4].

Excessive concentrations of heavy metals cause toxic effects on the development of vascular plants [6].
The content of heavy metals in agricultural soils can directly affect human health through the consumption of crops
grown on contaminated soils [7].

In addition to heavy metals, petroleum product residues, which are constantly released into the environment
during military operations, have a significant impact on the soil environment. The toxic effects of petroleum
products on the human body can manifest themselves through the consumption of contaminated food grown in
affected areas [8]. Petroleum products are represented by saturated and unsaturated hydrocarbons, aromatic
hydrocarbons and resins. Polycyclic aromatic hydrocarbons (PAHSs), which have carcinogenic and mutagenic
properties, are particularly dangerous. Contamination with petroleum products has a significant impact on soil
properties (water permeability, aeration capacity, mineral composition), which inhibits plant growth and
development [9].

Google Mapn
Figure 1 — Agricultural land near Mariupol, Figure 2 — Agricultural land near the village of
47,1295758, 37,7001700 Ternovi Pody, Mykolaiv region, 46,8523664,
32,3503878
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Google Maps Google Maps
Figure 3 — Agricultural land near the, village of Figure 4 — Agricultural land near the village of
Tsyrkuny, Kharkiv region, 50.080362,36.404144 Synetskyi, Donetsk region, 48.945392,38.419409

Google Maps Google Maps

Figure 5 — Agricultural land near the village of, Figure 6 — Agricultural land near the village of
Davydiv Brid, Kherson region, 47.250720,33.173254 Avidivka, Odessa region, 46.032858,30.186393
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The activity of microorganisms is an essential component of healthy soil ecosystems. When a shell
explodes, depending on the composition of the explosive, the temperature in the explosion cloud can vary from
2000 K to 4000 K [10]. At such temperatures, all organic matter that makes the soil fertile burns out, along with
all microorganisms. The absence of microorganisms in the soil will potentially have a negative impact on the
growth of plants used for phytoremediation. This issue requires additional research on the restoration of the soil
microbiome to ensure favorable conditions for plant growth and the revival of the soil ecosystem.

One of the most promising methods of soil restoration in Ukraine is bioremediation. Biological restoration
methods are environmentally friendly technologies for cleaning water, soil and even air from pollutants of various
types and origins [11]. This approach involves the use of natural processes to remove various components from
contaminated areas, which does not require significant financial costs.

Bioremediation involves the use of biological agents (mainly microorganisms: bacteria, fungi, algae) to
decompose or remove unwanted components from the environment. The article ‘Bioremediation an eco-friendly
method for administration of environmental contaminants’ [12] provides a comprehensive description of
bioremediation techniques, including: bioaugmentation (the introduction of microorganisms to decompose
pollutants), bioventing (the stimulation of aerobic microorganisms by pumping air), biosparging, biocomposting
(mixing contaminated soil with organic waste to accelerate the decomposition of pesticides and petroleum
products), and biopiles (aerated piles of contaminated soil). Biocomposting is the most promising and cost-
effective method for soil remediation in Ukraine, especially due to the localized negative impact of events such as
the explosion of a shell on a private plot of land used for agriculture

The above methods of bioremediation can be combined with phytoremediation, which in turn involves the
use of plants and associated soil microorganisms to reduce the environmental impact of pollutants. The term
phytoremediation itself comes from the Greek phyto — plant, remedium — to correct or remove evil [13].

The specific advantages of using phytoremediation as a method of soil restoration compared to traditional
methods are increased biodiversity and fertility, and prevention of erosion [12], which are extremely important
aspects, especially in the context of soil structure destruction and the extermination of microbial species diversity
after an explosion.

In general, there are five main mechanisms for cleaning the environment of unwanted components [14]:

- phytoextraction - absorption of pollutants by roots and accumulation in the above-ground parts of plants
(effective for metals);

- phytostabilisation is an immobilisation of pollutants in the soil through sorption, precipitation or complex
formation in the inter-root space;

- phytodegradation is an enzymatic decomposition of certain organic compounds (herbicides, pesticides,
petroleum products) into simpler ones with subsequent absorption by plants;

- rhizofiltration is a purification of water from metals by absorption by roots (effective for aquatic systems
with low pollution);

- phytovolatilisation is a transformation of pollutants (such as mercury or arsenic) into volatile compounds
and their removal through transpiration.

The table below shows the strengths and weaknesses of bio- and phytoremediation in the context of
Ukraine.

Table 1 — Strengths and weaknesses of biological soil remediation methods

Method Advantages Disadvantages Prospects for
application
Bioremediation Environmentally friendly, | Significant duration of | Restoration of small
relatively  inexpensive, | the process, need for | volumes of soil in local
can be used for organic | monitoring areas, including the
contaminants private sector
Phytoremediation Availability of plants, | Significant duration, | Widespread use in
proven effectiveness, | disposal of contaminated | agricultural areas
resistance to various | biomass,  maintenance
types of pollutants requirements, need for
soil quality monitoring
during the remediation
process

Species of plants used for phytoremediation.

Returning to issues relevant to Ukraine, namely the safety of agricultural soils, the most effective and
economically acceptable mechanism would be classic phytoextraction. Sunflower (Helianthus annuus L.) is one
of the most researched species for this process. It has high potential for phytoremediation, which has been
confirmed in studies on the remediation of soils contaminated with nickel, lead, chromium and cadmium [15].
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Studies have shown that sunflowers accumulate a higher concentration in its leaves, accounting for 55% of the
total metal content compared to the stems. Another effective species is brown mustard or Indian mustard (Brassica
Jjuncea), which shows high potential for decontaminating lead-polluted soils, especially when using adjuvants such
as EDTA, which chelate heavy metals, making them more available for absorption by plants [16]. In addition to
these species, hybrid poplar (Populus) and dandelion (ZTaraxacum officinale) can be used for the phytoextraction
of heavy metals such as chromium [17].

Phytoremediation allows plants to be used for the degradation of hydrocarbons, particularly thanks to their
well-developed root system, which creates a favourable environment for symbiotic microorganisms in the
rhizosphere. The uptake and absorption of organic chemical compounds depend on their physicochemical
properties, in particular on the logarithm of the octanol-water partition coefficient (logKow). Chemicals with
moderate hydrophobicity (logKo,w=1.0 — 3.5) are the most bioavailable to root vascular plants. However, some
hydrophilic compounds, such as methyl tert-butyl ether, can also be absorbed by plants through water flow. [18].

For phytoremediation of oil-contaminated soils, Bassia scoparia is effective due to its associated
rhizosphere microorganisms [19]. Alfalfa (Medicago sativa) can also significantly reduce the concentration of
petroleum products in the soil [20]. Some ornamental plants, such as tall fescue (Festuca arundinacea) and
birdsfoot trefoil (Lotus corniculatus), can be used to clean up oil-contaminated soils [21].

Hybrid poplar (Populus) can also be used to clean soil from explosives, in particular 2,4,6-trinitrotoluene
(TNT), which is one of the main explosive components of most shells used to shell Ukrainian territory [22]. Studies
have shown that poplars can absorb TNT from the soil, with most of the TNT being bound and transformed in the
plant's root system. A summary table of plants for phytoremediation and corresponding pollutants is provided
below.

Table 2 — Phytoremediation agents and pollutants against which they are effective

Plant Type of pollutant Features of use
Helianthus annuus (sunflower) Lead, cadmium, chromium, nickel | High accumulative capacity in
leaves and stems

Brassica juncea (Indian mustard)

Lead (using chelates, in particular
EDTA)

High level of Pb removal thanks to
chelation

Populus spp. (hybrid poplar)

Heavy metals (Cr, Zn), explosives
(INT)

Active transformation of
explosives in the root system

Taraxacum officinale (dandelion)

Chromium and other heavy metals

High adaptability in different
conditions

Bassia scoparia (common broom)

Petroleum products, surfactants

Symbiosis with microorganisms

increases the degradation of
carbohydrates
Medicago sativa (alfalfa) Petroleun products Reduces the concentration of

hydrocarbons in the soil

Used for decorative recultivation
Suitable for long-term ecosystem
restoration

Petroleun products
Petroleun products

Festuca arundinacea (reed grass)
Lotus  corniculatus  (birdsfoot
trefoil)

Fig. 7 shows the efficiency of metal absorption by various hyperaccumulator plants, including Indian
mustard (Brassica juncea), galvanophilic fern (Pteris vittata), poplar (Populus spp.), annual sunflower (Helianthus
annuus), and alpine penny-cress (Noccaea caerulescens, previously Thlaspi caerulescens), according to the article
‘Exploring Phytoremediation And Plants As Natural Cleaners Of Polluted Environments’ by Deborah Paripuranam
etal., 2025 [11].

International experience in the use of phytoremediation.

In the field of heavy metals, phytostabilisation technology has been proven and is successfully used in both
Europe and the United States [23]. For example, Belgium has conducted successful large-scale trials of zinc (Zn)
and cadmium (Cd) immobilisation using additives and recultivation, while the US Environmental Protection
Agency (EPA) has supported the use of biosludge for the recultivation of mining sites. A new direction is
phytomining (extraction by plants) of valuable metals such as nickel, thallium and gold, where the main goal is
cost-effective extraction, not just decontamination. However, the efficiency of phytoextraction of heavy metals,
especially for meeting strict regulatory standards, remains low, as confirmed by studies in Denmark [24]. In a
heavily contaminated site in Valby (Denmark) using willow (Salix sp.) and poplar (Populus sp.), the efficiency of
Cd removal by willow was less than 0.5% over 10 years, and for other heavy metals, less than 1%o over 10 years.
Calculations have shown that it could take more than 178,360 years for poplar to meet the standards for nickel
(Ni). Despite this, planting trees on contaminated sites is still recommended due to additional benefits: reduced
leaching, CO; fixation and habitat creation [24].
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Metal Uptake Efficiency of Selected Hyperaccumulator Plants
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Figure 7 - Efficiency of metal uptake by plants

In Japan, Thlaspi caerulescens (Gang ecotype) has significant potential for phytoremediation of cadmium
(Cd)-contaminated soils [25]. Compared to the slow extraction recorded in Denmark, studies on representative
soils in Japan (fluvisol and andosol) have shown that only about 2 harvests for fluvisol and about 6 harvests for
andosol may be needed to reduce the total Cd concentration by 50%. To increase the effectiveness of Cd
phytoremediation in Japan, it is recommended to use short rotation (repeated harvesting and planting), as this
increases the availability of Cd and uses new rhizosphere volume. Figure 8 shows the decreasing dependence of
the total cadmium content in the soil on the number of harvests [25].

Soil total Cd (%)

o y - A

0 1 2 3 4 5 6 numberof harvests

Figure 8 - Dynamics of reduction of total Cd depending on the number of harvests

In Italy (Treccate), following an oil well spill, agricultural crops such as maize (Zea mays) and sorghum
(Sorghum) were significantly more effective in removing petroleum hydrocarbons than agronomic methods or
natural attenuation [23]. In addition, pilot studies have shown that the remediation of soils contaminated with
petroleum hydrocarbons (PHC) and trace elements (TE) using plants (L. sativum, M. sativa, H. annus) and
additional microorganisms and earthworms, demonstrated a reduction in PHC content by 80% and metals by 20%
after 17 months [26].

The Baltic Phytoremediation concept, implemented as a cross-border project between Sweden, Poland and
Lithuania, aims to use phytoextraction in combination with biomass generation and its subsequent use as an energy
resource. Thus, after burning contaminated plant biomass, valuable ash can be recovered for further use. This
approach increases energy efficiency and is an alternative energy source that reduces CO, emissions. Pilot cases
for this project include reducing the level of nutrients (nitrogen and phosphorus) in landfill layers in Sweden,
assessing the potential of energy crops to accumulate heavy metals (Zn, Cu, Cr, Pb, Ni and Cd) using sewage
sludge as fertiliser in Lithuania, and phytoremediation of landfill leachate and soil remediation from heavy metals
and organic pollutants (surfactants, dioxins, PCBs) in Poland [26].

With regard to radionuclides, although this area is less well documented, Phytotech conducted a field trial
in the Chernobyl Nuclear Power Plant zone (Ukraine) using sunflowers on rafts to dramatically reduce 137Cs
levels in surface water within 4-8 weeks. In addition, laboratory studies in the United States have shown that
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willow, Kochia scoparia and Brassica napus can remove 40—60% of 137Cs from soil under greenhouse conditions
[23].

Management of post-phytoremediation biomass. After successful phytoremediation of the soil, a critically
important task arises regarding the safe handling of the resulting biomass, which is contaminated with various
compounds. Due to the presence of toxic pollutants, this biomass cannot be used as animal feed, compost or
biofertiliser, as this would simply result in the transfer of pollutants within the environment, leading to repeated
contamination and potential toxic effects on animals and plants. Therefore, the development and implementation
of a sustainable strategy for managing this biomass is a key final stage in the entire process of soil restoration by
phytoremediation.

According to Santanu Mukherjee's article ‘Sustainable management of post-phytoremediation biomass’
[27], this biomass is a ‘green concentrate of pollutants’ that requires careful planning for its disposal. One of the
main classical approaches is thermal conversion, which includes incineration and pyrolysis. Incineration is a
simple and effective way to reduce the volume of biomass and destroy organic pollutants. However, heavy metals
will not disappear using this method, but will be concentrated in ash, which will require treatment and disposal.
Pyrolysis allows the production of biochar, which in this case will still contain heavy metals, but this raw material
can be used as a non-renewable filter in various technological processes due to its high adsorption capacity.

Chemical treatment methods can also be used to extract and stabilise contaminants. According to the study
‘Sustainable management of post-phytoremediation biomass,’ one of the most innovative areas is phyto-extraction,
which involves the extraction of valuable metals from biomass. Chemical extraction of metals from biomass using
acid solutions allows for the production of a concentrated solution from which metals can be recovered.

Conclusions

The article provides a comprehensive analysis of the problem of soil contamination in Ukraine as a result
of military operations, in particular with heavy metals, petroleum products and explosives. The resulting soil
degradation poses a threat to the environment and public health, as the bioaccumulation of certain pollutants and
their toxic effects create a risk of contamination of agricultural products.

Based on literary sources and the experience of other countries, the effectiveness of bio- and
phytoremediation is justified as the most promising and realistic method of soil restoration in Ukraine.
Bioremediation, through the use of microorganisms, ensures the decomposition of organic pollutants and the
restoration of the soil microbiome, while phytoremediation allows for the effective accumulation, transformation
or immobilisation of heavy metals, hydrocarbons and explosives. Special attention should be paid to the use of
hyperaccumulative plants such as common sunflower (Helianthus annuus), alfalfa (Medicago sativa) and Indian
mustard (Brassica juncea), which are promising inexpensive options for restoring contaminated land. Poplars
(Populus spp.) can also be used to prevent the spread of petroleum products in the environment and their toxic
effects.

The results of the study prove that the use of bio- and phytoremediation methods is scientifically sound and
practically feasible for the restoration of degraded soils in Ukraine. Based on the analysis, it is recommended to
launch a national soil restoration program using these methods, integrating international experience and adapting
it to Ukrainian realities.
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'"HauionansHuii Texniunuii ynisepcurer Yrpainu

«KuiBcbknii noJsritexHiynmii incTutyT iMei Iropsa Cikopcbkoro»

3ACTOCYBAHHSI MOHITOPUHI'Y JIJIS1 OGTPYHTYBAHHS BIOJIOI'TYHOI'O
METOJIY BIAHOBJEHHS I'PYHTIB BHACJIIJIOK BOEHHUX JIA

Buacnioox sedenns 6otiosux il i3 3acmocy8anHaAM pPisHUX 8u0ie 30poi 6 Yrpaini 30iticHIOEMbCA 3HAUHUL
He2amueHull GNIUG HA HABKOAUWIHE cepedoguwe. Bin nposasnsemvca y 6azamvox opmax: 6i0 nOpyuleHHs
NOBEOIHKU Ma MISPpAYIIHUX MAPUPYmMie npeOCmMAasHUKie QayHu, wo npuzeooums 00 mpancgopmayii npupooHux
exocucmem, 00 MacumabHo2o abiomuyHo20 GNIUBY HA NOGIMpANe, B00He Ma IPYHMOoGe cepedosulye uepe3 pisi
8uou 3a0pyOHeHHs (MexaHiuHe, XiMmiuHe, wiymoge, mennose, sibpayiine mowo). Ocobaugoi ysazu 3aciy2o8ye
npobnema 3a6pyOHeHHs IPYHMIG, OCKINbKU GOHU GUKOHYIOMb POlb NPUPOOHO20 0eno MOKCUUHUX PEYOBUH, SKi
30amMHi Miepy8amu Xapyo8umu 1aHYy02aMU Ut NPIMO 6NIUBAMU HA 300P08 ' TH00E.

Y cmammi euceéimneno axmyansny npobremy oOeepadayii IpyHmoeo2o NOKpugy YKkpainu 6HACRiOoK
BILICLKOBUX OIll MA BU3HAYEHO KIIOY08] AHMPONO2EHHT YUHHUKU, WO NOCUTIOIOMb He2amuUHi eKol02iuHi HACTIOKU.
Jlemanvro posananymo 0CHO6HI CHONYKYU MA PeYOGUHU, AKI NOMPANIAIOMb Y IPDYHMU Ni0 4ac O0U0euUx Oill: 3anUuiKu
BUOYXOBUX PEYOBUH, BANCKI MeMAnu, NATUSHO-MACIUTbHI Mamepianyu, CHOAYKU d30my, XAopy ma iHuii
nontomanmu. OKpemMo aKyeHmosaHo y6azy Ha ix NOMeHYIUHOMY He2amueHOMY 6NAUGI Ha Oiomy ma Ha PUUKAX
07151 300p08 '8 100ell, AKI MOJNCYMb BUHUKAMU Yepe3 HAKONUYEHHS YUX MOKCUKAHMIB Y NPOOYKMAX Xapuy8aHHsl.

Memoro docnioscenns € 02140 cyuacHux memooie biopemediayii ma gimopemediayii, wo po3enadarmscs
AK NepCcneKmusHi mexHonozii 0si 8iOHO6/IeHHs TPYHMIG, NPUBEOeHHs iX 00 eKONO2IYHO De3neyHo2o cmany md
RO0ANbULO20 BUKOPUCTNAHHA Y CLILCOKOMY 20Cno0apcmsi. Y pobomi HagedeHo Npuxiaou 3acmocy8ants 6 Yxpaini
POCTUH-AKYMYIAMOPIE I 2iNepakKymMyisamopis, 30amHux SUOAIAmu cneyuqiuni nortomanmu (8axicki meman,
HAPMONPOOYKMU, 3aNUWKY BUOYXOBUX PEYOBUH), AKI NOMPANUIU Y TPYHIM Ni0 YAC GiliHU.

3anpononosanuti  nioxio  cnpaMO8aHUIl HA  KOMNJIEKCHe  GIOHOGNEHHs. OO0GKLLIA,  30epedicenHs
biopizHOMaHIimMms ma MIHIMI3aYil0 eKoNo2iYHUX PU3UKie Oiisi Hacenenus. Pezynmbmamu 00CniodcenHs: Moxicymo
cmamu  NiOIPpyHMAM  OAsi  QPOPMYBAHHSI OEPICABHUX Npo2pam 3 eKono2iuHol peabinimayii mepumopid,
nocmpaxcoanux 6i0 Oouosux Oill, a Maxoxc O NOOALLUWUX MINCOUCYUNTIHAPHUX OO0CHiOdceHb V cepi
eKOMEeXHONO02IU, CMAI020 PO3BUMKY A NICIA80EHHOI 8i00Y008U KpAiHLL.

KarouoBi cioBa: siiicokosi 0ii, 3a0pyonenns rpyumis, war-caused pollutants, 8i0HO61€HHA TPYHMOBUX
exocucmemu, biopemediayis, pimopemediayis, be3nexa 006KiLIsL, Oe3neKa ciibCbKo2oCno0apcbkoi npooyKyil.
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